Abstract: Chemical nano-tomography of microbial cells in their natural, hydrated state provides direct evidence of metabolic and chemical processes. Cells of the nitrate-reducing Acidovorax sp. strain BoFeN1 were cultured in the presence of ferrous iron. Bacterial reduction of nitrate causes precipitation of Fe(III)-(oxyhydr)oxides in the periplasm and in direct vicinity of the cells. Nanoliter aliquots of cell-suspension were injected into customdesigned sample holders wherein polyimide membranes collapse around the cells by capillary forces. The immobilized, hydrated cells were analyzed by synchrotron-based scanning transmission X-ray microscopy in combination with angle-scan tomography. This approach provides three-dimensional (3D) maps of the chemical species in the sample by employing their intrinsic near-edge X-ray absorption properties. The cells were scanned through the focus of a monochromatic soft X-ray beam at different, chemically specific X-ray energies to acquire projection images of their corresponding X-ray absorbance. Based on these images, chemical composition maps were then calculated. Acquiring projections at different tilt angles allowed for 3D reconstruction of the chemical composition. Our approach allows for 3D chemical mapping of hydrated samples and thus provides direct evidence for the localization of metabolic and chemical processes in situ.
INTRODUCTION
In the last decade there have been substantial advances in three-dimensional (3D) microscopy approaches such as laser scanning and electron microscopy (EM) in the fields of life, environmental, and material science. The limiting factor, in particular when analyzing soft, biological matter, often is sample preparation. Conventional EM preparation techniques focus on the preservation of the (ultra-)structure of the sample when the sample is exposed to the vacuum environment. In contrast, light or laser scanning microscopy approaches are capable of analyzing samples in their natural, hydrated state, but with moderate spatial resolution only. Both approaches are limited regarding their information content on the chemical composition of the sample.
These limitations were overcome with the development of the synchrotron-based spectromicroscopy approach of scanning transmission (soft) X-ray microscopy (STXM). One of the major advantages is the capability of using the intrinsic X-ray absorption properties of samples to create image contrast without adding any heavy metal stains or fluorescence probes, and of direct quantitative mapping of chemical species. This is achieved by combining a~30 nm spatial resolution nanoprobe with the chemical speciation capabilities of near edge X-ray absorption fine structure spectroscopy (NEXAFS). Samples can be analyzed in various environments from vacuum, special atmospheres, to fully hydrated samples in thin, aqueous layers (Bluhm et al., 2006) . In the latter approach, samples are sandwiched in a 1-2 µm thick layer of water between two Si 3 N 4 membranes. Recently, STXM angle-scanning tomography was developed to obtain chemical information on thin, bio-, geo-, environmental and material science samples both in dry and wet environments . Si 3 N 4 sandwich wet cells are incompatible with high tilt angles in STXM because of geometrical constraints (Fig. 1) . Thus, samples for wet STXM tomography were previously mounted as aqueous suspensions in µm diameter glass capillaries (Johansson et al., 2006) . Limitations of this approach are insufficient immobilization resulting in below-optimum spatial resolution when the sample is exposed to high acceleration (several G) during sample scanning, and the high X-ray absorption by the glass capillaries.
Here, we describe a novel approach of analyzing hydrated samples that are mounted between two LUXFilm® membranes (Luxel, Friday Harbor, USA) that keep the sample both hydrated and rigidly immobilized. The wet cells allow for a sample rotation of ±72°around the length axis in a conventional STXM setup. This allowed for data acquisition and 3D reconstruction of the distribution of protein and Fe-(oxyhydr)oxides in a hydrated cell-mineral aggregate formed by nitrate-reducing, Fe(II)-oxidizing bacteria. A spatial resolution of at least 50 nm in the reconstruction was obtained. The overall goal of this development is to better understand the mechanisms of microbial Fe(II)-oxidation by Acidovorax, the spatial distribution of the resulting Fe-biominerals, and its influence on the sequestration of heavy metals in the environment . This novel tomography approach provides a powerful new tool for the 3D chemical analysis of thin bio-, geo-, and environmental samples in their natural, hydrated state.
MATERIALS AND METHODS

Cell Cultivation
Cells of the nitrate-reducing Acidovorax sp. strain BoFeN1 isolated from anoxic freshwater sediments of Lake Constance were cultured under anoxic conditions as described previously (Kappler et al., 2005) . In brief, cells were grown for 7 days in anoxic freshwater medium in the presence of 10 mM Fe(II)Cl 2 , 10 mM nitrate and 5 mM acetate. The cell suspension was sampled with a 1 mL syringe, centrifuged, and re-suspended in Fe(II)-free medium.
Wet cell loading
A 1 mL syringe with cell suspension was mounted into a custom-made portable nano-injector (Fig. 2) and connected via silicone tubing to a 5 µm glass micropipette (TW100-4, WPI, Sarasota, FL, USA). The micropipette was mounted to a three axis linear translation stage (Newport, Bozeman, MT, USA) that allowed for precisely punching two holes (inlet, outlet) through the upper membrane of a custom-designed STXM tomography wet cell (Luxel, Friday Harbor, USA). The wet cell (Fig. 1e) consists of a metal frame that is coated from both sides with 30 nm LUXFilm®. Nanoliters of the cell suspension were then injected between the membranes. The polymer films collapsed around bacteria and small cellmineral aggregates by capillary forces and thereby both sealed the wet cell against drying and immobilized the samples for scanning. The previously punched holes were closed with nail polish.
Tomography Stage
The wet cell was mounted onto a 0.8 mm diameter brass rod that was flat on one end. The rod was mounted onto a custom-made tomography stage (Fig. 1f) , that was built from a stepper motor (Faulhaber ADM0620, Faulhaber, Schoenaich, Germany) equipped with a planetary gearhead with a reduction rate of 1,024:1 resulting in a theoretical angle resolution of 0.0176°/step. The rod mounting mechanism was adapted from an earlier version of a STXM tomography stage (Johansson et al., 2007) .
STXM Data Acquisition
The tomography stage was mounted onto the piezo scanning stage of the STXM at beamline 10ID-1 at the Canadian Light Source Inc. (CLS) (Kaznatcheev et al., 2007) . The microscope chamber was not evacuated of air to prevent rapid evaporation, but flushed with He, which is X-ray transparent. After identifying areas of interest, images were acquired at three specific energies across the O 1s absorption edge (528, 532.2, and 538.3 eV) and at two specific energies across the Fe 2p absorption edge (705 and 723.8 eV). Images were acquired across an angle range of ±72°in 4°steps.
Reconstruction
The image sequences consisting of three and two images at the O 1s and the Fe 2p absorption edges, respectively were aligned individually for each absorption edge and rotation angle, and converted from transmission to linear absorbance [optical density (OD)] scale using the tools implemented in the software package aXis2000 (Hitchcock, 2013) as described Figure 1 . Schematic of synchrotron-based scanning transmission X-ray microscopy chemical nano-tomography. A synchrotronbased (a) monochromatic soft X-ray beam (b) is focused using a zone plate (c). Second and higher order light is blocked by the order-sorting aperture (d). The sample mounted in a wet cell (e) is scanned through the focused spot from different angles (f). The distance between aperture (d) and focus is typically a few 100 µm, and thus limiting the sample size that can be rotated without collision to a few 100 µm perpendicular to the rotation axis, which is incompatible with conventional wet cells of several mm in width. Transmission (g) images are converted into quantitative, chemically specific maps (h). Scale bar is 1 µm. in detail elsewhere . Species-specific maps were then calculated by subtracting the preedge absorbance from images acquired at X-ray energies with high specificity for certain chemical species. The image difference map OD 723.8 eV -OD 705.0 eV is specific for the Fe(III)-(oxyhydr) oxide. Chemical maps were also obtained by linear decomposition (Koprinarov et al., 2002) by fitting the absorbance at selected energies with those obtained from reference spectra of albumin, water, ferrihydrite and a modeled, nonspecific background based on the atomic scattering factors (Henke et al., 1993) . For example, the absorbance at 532.2 eV is dominated by excitation of the 1s → π* transition at the C = O in the peptide bond. The protein map contains minor contributions of other organic carbon species such as polysaccharides. No pixels of the resulting fits contained negative values within the cell-mineral aggregate area. For practical reasons, the measurements of the I 0 signal for the conversion into linear absorbance were done inside the wet cell area adjacent to the sample. As a result, the water layer was normalized out by the conversion. Fitting using the atomic scattering factors (Henke et al., 1993) , however, showed a homogeneous water layer of 120 nm in the analyzed area that allowed for an easy correction of the water map for 2D presentation. The 3D reconstruction was done without the featureless 120 nm water layer and thus only shows differences in water thickness. The resulting chemical maps were aligned. The 3D reconstruction was done using the software package IMOD employing the simultaneous iterative reconstruction technique (SIRT) algorithm with 400 iterations (Kremer et al., 1996) . For visualization the software package Chimera (Pettersen et al., 2004) was used. Schmid and Obst (2013) provide a more detailed description of STXM tomography including mounting of dry samples, data acquisition, and reconstruction. To verify the hydrated state of the sample, an image sequence across the O 1s absorption edge was acquired with a spectral sampling of 0.2 eV steps in the spectral region of interest. To avoid radiation damage to the cells examined in the area of interest, other pristine bacterial cells were used. The image stack was fitted with previously described reference spectra that were normalized to a nominal thickness of 1 nm using the atomic scattering factors (Henke et al., 1993) and an assumed density. A more detailed description of the spectromicroscopic fitting approach including precision and fitting error estimations was published by Dynes et al. (2006) .
RESULTS AND DISCUSSION
Quantitative 3D reconstructions of the three chemical species "water," "protein," and "Fe-(oxyhydr)oxide" acquired at the O 1s edge and of the "Fe-(oxyhydr)oxide" acquired at the Fe 2p edge are presented in Figure 3 as projection images. The respective 3D datasets can be downloaded as 3D-movies from the Supplementary Movie 1. The spatial distribution of the Fe-precipitates mapped at both the O 1s (Fig. 3a) and the Fe 2p (Fig. 3d) edges are similar. The maps of the individual chemical species allow for the identification of the 3D spatial arrangement of the Fe-precipitates produced by the nitrate-reducing, Fe(II)-oxidizing bacteria in their native, hydrated state at a spatial resolution of <50 nm.
Supplementary Movie 1
Supplementary Movie 1 can be found online. Please visit journals.cambridge.org/jid_MAM. Extracellular Fe-precipitates can be distinguished clearly from the rim of Fe-precipitates in the periplasm, i.e. between the inner and the outer membranes (Fig. 3a) . The upper, left cell shows a rather homogeneous distribution of protein (Fig. 3b) . This cell does not appear in the Fe 2p-derived dataset (Fig. 3d) as the periplasm does not contain Fe-(oxyhydr)oxides, in contrast with the lower cell that shows a rim of Fe-(oxyhydr) oxides in the periplasm. In contrast to previous studies of air-dried samples (Miot et al., 2009 ) for the first time we could preserve nonencrusted cells that were neither chemically or cryo-fixed (Miot et al., 2011) . In keeping with the above-mentioned previous studies, in the periplasm of the encrusted, lower cell, a close association of the Fe-precipitates with protein can be observed (Fig. 3e) , whereas the extracellular Fe-precipitates seem to contain less protein. Figure 3f shows a profile of the Fe-(oxyhydr-)oxide distribution of the lower cell, that clearly showed a rim-like structure. The full-width at half-maximum (FWHM) of the absorption profile across this rim-like structure is in the range of 35-50 nm.
The measured average O 1s absorption spectrum of the area of the two hydrated cells in the wet cell is presented in Figure 4a . Different combinations of reference spectra (protein, xanthan, water, goethite, ferrihydrite, and siderite as a proxy for carbonate) were tested. The least residuals in a linear fit were obtained using a combination of protein (Stewart-Ornstein et al., 2007) , water (kindly provided by V. Berejnov), ferrihydrite, and carbonate. By linear decomposition, average thicknesses of 400, 32, 11, and 40 nm were calculated for protein, water, ferrihydrite, and carbonate, respectively, within the whole region of interest (ROI).
As mentioned previously in the Material and Methods section, an additional 120 nm of water has to be added, which results in an efficient total water thickness of~250 nm in the cell region.
Sample Immobilization, Spatial Resolution and Restrictions on Sample Geometry
The rigid immobilization of the sample by the polyimide membrane that collapsed around the cell-mineral aggregate allowed for 3D analysis of features such as the Fe-(oxyhydr) oxide layer in the periplasm with a FWHM of 35-50 nm, which is consistent with previous transmission electron microscopy results (Miot et al., 2011) . These were the smallest structural features observed in our sample. From its FWHM we estimated a resolution of at least 50 nm. A decrease of spatial resolution in the z-direction is because of the effect of limited tilt angle (±72°) in angle-scan tomography as the wet cell-structure would obscure the beam at higher angles (Midgley & Weyland, 2003) . Considering the 40 nm diffraction-limited resolution of the zone plate and the 25 nm pixel spacing, our in situ STXM tomography approach obviously was not limited by sample mounting, by vibrations during sample scanning, or by sample movement. These are considered to be the major advantages compared with previous approaches wherein wet samples were analyzed in water-filled glass capillaries (Johansson et al., 2006) . Even higher spatial resolutions as compared with the results of this study should be possible if zone plates with smaller outermost zone width and thus smaller X-ray spot size are used (Thompson et al., 2009 )-the record spatial resolution in STXM is presently 10 nm (Chao et al., 2012) . However the focal length decreases as the outermost zone width decreases and thus increased spatial resolution may lead to smaller depths of field and potential geometrical problems of rotating the 250 µm wide wet cell in very close proximity to the order-sorting aperture (Fig. 1d) . Furthermore, as STXM is operated in a transmission setup requiring soft X-ray transparency, the sample geometry is restricted to thin samples. Single bacteria (≈1 µm thickness and few 100 nm of effective thickness, e.g., BoFeN1, l ≈ 2 µm, w ≈ 500 nm, effective thickness 400 nm of protein) and thin biofilms are well suited for STXM in both 2D and 3D measurements Johansson et al., 2006; Hunter et al., 2008; Miot et al., 2009; Wang et al., 2011) . Thicker samples, however, cannot be analyzed due to problems with absorption saturation (Hanhan et al., 2009) . Typical maximum effective thickness values depend on the density and range from~300 nm at the C 1s edge (284 eV) to 1-2 µm at higher energies such as the Si 1s edge (1,839 eV).
X-ray Induced Radiation Damage
Radiation-induced damage in STXM tomography depends on the sensitivity of the chemical species analyzed and needs to be estimated for each case individually. However, in STXM tomography beam-damage is approximately an order of magnitude lower than in full field transmission X-ray microscopy where the detection efficiency is lower by at least an order of magnitude because of the presence of an inefficient imaging micro-zone plate after the sample. Potential mechanisms of radiation-induced damage at the O 1s edge would be the break of chemical bonds and the formation of radicals. Both mechanisms could result potentially in a decrease of the protein signal at 532.2 eV. Other effects might be beam-induced oxidation or reduction of redox-sensitive species. These influences can be quantified by comparative measurements at the respective specific X-ray energies before, and after the tomography acquisition, or by monitoring the specific absorbance at specific energies within a rotation series. In our study, no significant changes in absorbance at 532.2 eV from the beginning to the end of the rotation series were observed.
Spectroscopic Proof of Hydrated State
Spectroscopic measurements at the O 1s edge proved that the 30 nm LUXFilm ® polymer membranes were able to keep the sample hydrated during the measurement. Whereas the homogeneous "background" water signal was normalized out for practical reasons (see Methods section), thickness variations in the region of the aggregate allowed for extracting the spectral features typical for liquid water. The linear fit of the acquired O 1s spectra using characterized reference materials (Fig. 5) shows the measured spectrum could not be fit to similar quality without water (i.e., 15% increase of standard deviation of the fit).
Data Acquisition Times
Since STXM is a raster-scanning approach, acquisition times critically depend on the size of area scanned and on the selected pixel spacing. The area that can be analyzed by STXM tomography is somewhat limited horizontally by the depth of field, which results in defocusing effects for large sample widths at high tilt angles. In this study at the O 1s and the Fe 2p edges, using a zone plate with 40 nm outermost zone width, an aggregate of~1.5 µm width was scanned in a 3 × 3 µm 2 frame with 120 × 120 pixels with dwell times of 1 ms/pixel. Defocusing effects because of the depth of field were not observed even at relatively high tilt angles such as ±60°. Data acquisition times were~6 min/rotation angle at the O 1s edge (three different X-ray energies) plus an additional 5 min at the Fe 2p edge (two different energies). Of these 11 min/angle step only~4 min were used to acquire the five images; the remainder of the time was required for rotation, localization, focusing, and energy stepping. A full rotation dataset (±72°at 4°step size) with five X-ray energies was acquired in~8 h.
Outlook: Next Generation STXM
Automated re-localization and focusing after each rotation step would drastically reduce acquisition times. Next generation STXMs such as the instrument at beamline 5.3.2.1 (Kilcoyne et al., 2010) at the ALS (Advanced Light Source, Berkeley, USA) are capable of moving the focused spot by scanning the zone plate instead of the sample stage. This might allow for using eucentric rotation stages commonly used for EM or transmission X-ray microscopy (TXM) beamlines so that the data acquisition could potentially be automated similar to modern TXM tomography beamlines, but retaining the advantage of higher detection efficiency and thus reduced beam-damage as well as the high energy resolution and ease of photon energy scanning of modern STXM beamlines.
SUMMARY AND CONCLUSIONS
We show 3D reconstructions of the chemical composition of bacterial cell-mineral aggregates, in their natural, hydrated state with <50 nm spatial resolution. This approach is a powerful tool for bio-, geo-, and environmental science since it can provide direct evidence of linkages between metabolic and chemical processes and the resulting 3D distribution of chemical species such as metabolites or precipitates, without artifacts from sample drying. Figure 4 and fits with (black dots) and without (gray dots) water included. All spectra of the reference compounds that were used for the fittings are illustrated above.
